We calculate the electric field and the curl of the magnetic monopole current for U(1) and for SU(2) in the maximal Abelian gauge in the mid-plane between a quark antiquark pair. The results can be understood as a dual Abrikosov vortex in the Ginzburg-Landau theory.
INTRODUCTION
The most natural and likely scenario to explain the mechanism by which QCD confines quarks is that superconducting currents act to form a flux tube connecting a separated quark from a residual hadron. There is ample evidence for this in a related theory, i.e. the confining phase of U(1) in 3+1 dimensions as can be seen for example in terms of the 'bulk properties' of the vacuum state [1] . In a recent paper we mapped out in considerable detail the structure of the dual Abrikosov vortex in the presence of static quarks [2] . As in ordinary superconductivity, the key is to study the relationship of the curl of the supercurrent to the electric field since this is the origin of the Meissner effect. Supercurrents form a solenoid which squeezes field lines into a tube.
In non-Abelian theories the situation is far less clear since analytic techniques are intractable. One encouraging approach is to partially fix the gauge, leaving a U(1) gauge freedom in the maximal Abelian gauge [3, 4] . The U(1) Dirac monopoles that occur are abundant in the confined phase and dilute in the unconfined phase (at finite temperature) exactly as in U(1) gauge theory. We present here the first direct evidence that a dual Abrikosov vortex also forms in a lattice simulation of pure gauge SU(2) with static quarks [5] .
U(1)
The basic techniques for U(1) are described in more detail in Ref. [2] . Magnetic monopoles are the current carriers responsible for the dual superconductivity. These monopoles are defined in a 3-volume by the DeGrand-Toussaint [1] construction and it is convenient to think of them as a link on the dual lattice, making world lines which define a conserved current density J M . The key idea is to measure the line integral of J M around a dual plaquette, i.e. ∇ × J M . This quantity has a very strong correlation with a Wilson loop, giving a clean signal for the solenoidal behavior of the currents surrounding the electric flux between oppositely charged particles. Because of their vector nature, E and ∇ × J M average to zero in the vacuum. We introduce static charges by correlating these quantities with a Wilson loop in the z-t plane. the electric field is given by E z = W P zt /(a 2 e W ). (Here W and P stand for the complex value of the Wilson loop and plaquette, not the real part.) ∇ × J M is measured by correlating the operator shown in Fig. 1(b) with the Wilson loop in place of P zt /e. Measuring E and ∇× J M in the presence of a 3×3 Wilson loop on the plane midway between the two charges provided profiles of these two quantities which are shown in Fig. 2 (a) and 2(b). They were found to satisfy the London relation [6] 
This is the London limit for a (dual) Abrikosov vortex containing one unit of quantized electric flux. The left hand side of Eqn. (1) defines the fluxoid [6] . A one parameter fit of the data to this relation gives a London penetration depth [6] of λ/a = 0.482 ± 0.008 for β = 0.95. The resulting fluxoid is shown in Fig. 2(c) . The value on axis, 1.016 ± 0.014 agrees very well with one unit of electric flux, Φ e = 1/ √ β = 1.026. Using Maxwell's equations to eliminate J M gives an equation for E alone which has a solution
This is shown as a dashed curve in Fig. 2(a) . There are hence three methods to determine λ: the cancellation of the off-axis profiles in Fig. 2 (a) and 2(b), the value of the fluxoid on axis in Fig  2(c) , and the fit of the electric field in Eqn. (2), all of which agree. Further evidence for the Meissner effect is given by the dependence of λ on the value of β. In an ordinary superconductor, the transition to the normal state is accompanied by a divergence in the penetration depth. We see analogous behavior in the transition to the unconfined phase at β ≈ 1.0. For β = 0.90, 0.95, 0.97, and 0.99 we find corresponding λ values of 0.32, 0.48, 0.60, and 0.8.
SU(2)
These methods are immediately applicable to SU(2) in the maximal Abelian gauge. In this approach one fixes the gauge in order to identify Abelian link and coset variables. Kronfeld et al. [3] have shown that the monopoles defined using these Abelian link variables are indicators of confinement very much as they are in the U(1) theory. Further Suzuki et al. [4] have shown that the static quark potential can be obtained very well from the Abelian link variables alone. Encouraged by these studies, we examine the dual Meissner effect here again looking for the detailed structure of the Abrikosov vortex.
The gauge is fixed by maximizing the quantity
where
Abelian link variable is U(s, µ) 11 normalized to modulus 1. Maximizing R corresponds to diagonalizing X(s) at each site, where
Let Z(s, µ) be the off diagonal matrix element of X(s) and |Z| 2 denotes the average value of the modulus squared which is a measure of gauge fixing. Typically we needed about 650 sweeps to attain |Z| 2 ≈ 10 −5 on a 13 3 × 14 lattice for β = 2.4. Three gauge fixing methods were used: (1) a modification of Metropolis to accept if R increases and reject of R decreases, (2) maximize exactly locally at alternate sites, (3) overrelaxation in which we chose the square of the gauge transformation of method (2) in order to sample configurations better. These methods were alternated in a manner to speed up gauge fixing.
After gauge fixing the measurements proceed exactly as in the U(1) case with one important difference. In the U(1) case we knew the value of the Abelian charge, e. We divided the plaquette by e in order to get the electric field, and we multiplied the integer valued lattice operator for ∇ × J M by e M = 2π/e to normalize the magnetic current. In this case since we do not have a local U(1) action, we do not know the value of e. However note that the relative normalization of the two terms does not depend on e and hence we can determine the London penetration depth as in the U(1) case. Hence our reported values of E and ∇ × J M do not include division by e; quantities are given up to a common normalization factor. ory [7] does explain this behavior. The coherence length ξ is the length scale measuring the thickness of the normal-superconducting interface. In U(1) we were insensitive to the coherence length since it must be significantly smaller than a lattice spacing. In SU(2) the coherence length can be estimated as the radius of the node in ∇× J M , i.e. ≈ 1.5a.
The Abrikosov vortex is a solution to the Ginzburg-Landau equations where the GL order parameter in polar coordinates varies as (5) and the radial amplitude f (r) is given approximately [7] by f (r) = tanh(r/ξ). The generalized fluxoid relation is
The curves in Figs. 3 and 4 represent our fit to the data. The details are given in Ref. [5] . The fitted values we obtained are λ/a = 1.05 ± 0.12 and ξ/a = 1.48 ± 0.12. The aim of this study was to find operators that are sensitive to the detailed properties of the the flux tube. ∇ × J M is such a probe. Having demonstrated the utility of measuring this quantity, one must of course go to larger lattices and larger Wilson loops. Within the context of this limited study we can make tentative conclusions about the the superconductivity parameters of U(1) and SU (2) . In U(1) we see no violation of the London theory which indicates that the flux tube is described very well by the Ginzburg-Landau theory in the extreme type II limit, i.e. ξ λ. In SU(2) we find these two quantities are of the same order of magnitude. The Ginzburg-Landau parameter κ ≡ λ/ξ = 0.7 ± 0.1. A value of κ less than 1/ √ 2 indicates that the superconductor is type II, otherwise type I. Our results place κ on the borderline. Maedan et al. [8] have come to the same conclusion from an effective Lagrangian approach.
